In the present work we investigate the adequacy of broken-symmetry unrestricted density functional theory for constructing the potential energy curve of nickel dimer and nickel hydride, as a model for larger bare and hydrogenated nickel cluster calculations. We use three hybrid functionals: the popular B3LYP, Becke's newest optimized functional Becke98, and the simple FSLYP functional ͑50% Hartree-Fock and 50% Slater exchange and LYP gradient-corrected correlation functional͒ with two basis sets: all-electron ͑AE͒ Wachtersϩ f basis set and Stuttgart RSC effective core potential ͑ECP͒ and basis set. We find that, overall, the best agreement with experiment, comparable to that of the high-level CASPT2, is obtained with B3LYP/AE, closely followed by Becke98/AE and Becke98/ECP. FSLYP/AE and B3LYP/ECP give slightly worse agreement with experiment, and FSLYP/ECP is the only method among the ones we studied that gives an unacceptably large error, underestimating the dissociation energy of Ni 2 by 28%, and being in the largest disagreement with the experiment and the other theoretical predictions. We also find that for Ni 2 , the spin projection for the broken-symmetry unrestricted singlet states changes the ordering of the states, but the splittings are less than 10 meV. All our calculations predict a ␦␦-hole ground state for Ni 2 and ␦-hole ground state for NiH. Upon spin projection of the singlet state of Ni 2 , almost all of our calculations: Becke98 and FSLYP both AE and ECP and B3LYP/AE predict 1 (d x 2 Ϫy 2
ground state for NiH. Upon spin projection of the singlet state of Ni 2 , almost all of our calculations: Becke98 and FSLYP both AE and ECP and B3LYP/AE predict 1 
I. INTRODUCTION
During the last decades clusters have been extensively studied because of their potential applications, their theoretical value in understanding the transition from isolated atomic systems to condensed matter 1, 2 and their relevance to the study of surface processes and heterogeneous catalysis. [3] [4] [5] The rapid development of experimental techniques in recent years has made it possible both to obtain size-controlled transition metal clusters and to study their reactivity against chemisorption processes. [6] [7] [8] [9] Methods for studying properties and behavior of clusters have been developed, and a review on computational studies of clusters has been written by Freeman and Doll. 10 There have been many studies on nickel clusters using various methods of exploring the potential energy surfaces ͑PES͒. The construction of such potential surfaces is a major problem, especially for transition metal clusters. Many methods have been used to construct PESs for nickel clusters, ranging from empirical-Finis-Sinclair type, 11, 12 semiempiricaltight binding 13, 14 and extended Hückel, 15 to ab initio or mixed empirical-ab initio 16 approaches. Recently, there have been studies of hydrogen atoms on Cu surfaces 17 within the density functional framework. It has been found that semiempirical methods are insufficient for accurate description of such systems, and first principle quantum-mechanical methods are needed to obtain a proper description of the hydrogen binding site.
Our long-term goal is to explore the structure and dynamics of clusters, including nickel and nickel hydride systems. The combination of the physical complexity and the computational demands of these systems necessitate that the microscopic force laws that are utilized in such simulations be both efficient and reliable.
Among the correlated electronic structure methods the best candidate is clearly density functional theory 18, 19 ͑DFT͒ because of its ability of reaching high accuracy-similar to coupled-cluster CCSD͑T͒ method for second-row elements-when hybrid exchange-correlation functionals are used. 20 Moreover, DFT ͑using hybrid functionals͒ is computationally not much more expensive than Hartree-Fock.
While there have been a number of DFT calculations a͒ Electronic mail: cvdiaconu@brown.edu b͒ reported on small nickel clusters, [21] [22] [23] [24] [25] [26] [27] [28] some results appear to be inconsistent both with respect to available experimental data and/or with respect to other theoretical predictions.
The works of Yanagisawa et al. 29 and Barden et al. 30 on the performance of DFT on the first transition metal series have shown that nonhybrid functionals ͑BLYP, 31, 32 BP86, 31, 33, 34 BOP 31, 35 and PW91 36 ͒ and hybrid functionals ͑B3LYP 32, 37 , BHLYP 32, 38 ͒ give an overall similar description for 3d transition metal dimers, with the nonhybrid ones giving better bond lengths and the hybrid ones better dissociation energies. However, while Yanagisawa et al. 29 obtain good agreement with experiment for nickel dimer for all studied exchange-correlation functionals ͑they only calculated the triplet states͒, Barden et al. 30 obtained a negative dissociation energy for their calculated singlet ground state with the B3LYP functional ͑and negative or very close to zero for all hybrid exchange-correlation functionals͒. This prompted us to use symmetry breaking in unrestricted DFT for describing the lowest singlet state of nickel dimer. With larger cluster calculations in mind, we also used broken symmetry unrestricted DFT to better describe bond breaking in all states of nickel dimer and nickel hydride.
It has been argued that broken-symmetry unrestricted calculations ͑Hartree-Fock and DFT with hybrid functionals͒ are useful for describing systems with weakly coupled electron pairs. 20, [39] [40] [41] [42] [43] [44] Ni 2 is definitely such a case, as previously observed by Basch et al. 21 As argued by Cremer, 20 the combination of hybrid exchange-correlation functional with symmetry breaking leads to a better description of systems in which static correlation is present than does the restricted DFT formalism. Finally, we believe that the formalism used to describe any system is solely dictated by the objective of the calculation. For a variational approach, and DFT can be regarded as such-aside from the exchange-correlation functional-the more flexible is the form of the trial function ͑density͒, the lower is the obtained energy. Since our interest is mainly in the energetics of nickel clusters, the best choice for us seems to be the unrestricted broken symmetry DFT approach with hybrid functionals.
In the present work we study the nickel dimer and nickel hydride using broken symmetry unrestricted DFT with hybrid exchange-correlation functionals-mainly the popular B3LYP 32, 37 -as model systems for larger bare and hydrogenated nickel clusters in an attempt to establish what might comprise a minimally reliable method for more extensive nickel cluster calculations.
The outline of the remainder of the present paper is as follows: Section II discusses the used methods, Sec. III presents the results of the calculations, and, where possible, comparisons with previous reports. Section IV concludes with suggestions for further research based on the present findings.
II. COMPUTATIONAL DETAILS
The DFT 18, 19 calculations reported in this paper are carried out with NWCHEM 45 computational chemistry package, using the unrestricted Kohn-Sham 19, 46 approach, allowing for symmetry breaking, and using a finite orbital ͑spherical Gaussian͒ basis set expansion and charge density fitting. 1, 3 (h A h B ). In general, an unrestricted Slater or Kohn-Sham determinant is not an eigenfunction of the total spin operator S 2 , and the results can only be characterized by the number of ␣ and ␤ electrons. However, following common usage, we refer to the states that differ in the number of ␣ and ␤ electrons by 0 as singlets, by 1 as doublets, and so on. We explicitly identify pure spin states where relevant.
A. Exchange-correlation functionals
We used three hybrid exchange-correlation ͑XC͒ functionals: the very popular B3LYP-composed of the B3, Becke's three-parameter hybrid exchange functional, 37 and LYP 32 correlation functional-is the first choice because it is well known and extensively characterized. Becke's newest optimized functional, Becke98 48 is also used, since it is supposed to be, in a certain sense, the best obtainable exchangecorrelation functional within the gradient-corrected framework. The hybrid composed of half Slater exchange, 49 half Hartree-Fock exchange, and LYP 32 correlation, named here FSLYP is also used for comparison, as it is the simplest theoretically justifiable hybrid method and is reported to perform rather well. 42, 43 
B. Basis sets
All calculations are performed with spherical basis sets. As all-electron ͑AE͒ basis sets, Wachtersϩ f basis set, 50-53 a ͓14s11p6d3 f ͔/(8s6 p4d1 f ) contraction is used for nickel and 6-311ϩϩG(2d,2p), a ͓6s2 p͔/(4s2 p) contraction for hydrogen.
Effective-core potentials ͑ECP͒ are also explored, since they greatly reduce computational cost. Stuttgart RSC ECP effective core potentials basis set 54, 55 are used for nickel, as they provide a similar quality of valence basis functions as Wachtersϩ f .
Ahlrichs Coulomb Fitting 56, 57 basis is used as a charge density ͑CD͒ fitting basis only for the all-electron calculations, as it significantly reduces computing time, especially for larger systems. When not specified otherwise, all reported all-electron results are obtained using charge density fitting.
We did not use charge density fitting with ECP because of the large errors that resulted when we tried the use of Ahlrichs Coulomb Fitting basis in combination with Stuttgart RSC ECP. For example, for B3LYP functional, CD fitting error is as much as 0.3 eV for both the interconfigurational energies of Ni atom and the binding energy of Ni 2 . Please refer to Appendix A for discussion of the accuracy of charge density fitting.
C. Numerical integration and convergence
The numerical integration necessary for the evaluation of the exchange-correlation energy implemented in NWCHEM uses an Euler-MacLaurin scheme for the radial components ͑with a modified Mura-Knowles transformation͒ and a Lebedev scheme for the angular components. We use three levels of accuracy for the numerical integration that are used in our DFT calculations, labeled by the corresponding keywords from NWCHEM ͑medium, fine, and xfine͒.
The reported atomic calculations are those obtained with the xfine grid. For geometry optimization and vibrational frequency calculations we use the fine grid. And for the potential energy curve ͑PEC͒ scans we used the medium grid. The maximum number of iterations is set to 100 in all calculations.
Please refer to Appendix B for details on numerical integration and convergence criteria.
D. Initial guess
For all DFT methods we first performed a calculation for Ni atom using fractional occupation numbers ͑FONs͒, 58 as implemented in NWCHEM. We use an exponent of 0.01 hartree for the Gaussian broadening function. We then use the molecular orbitals from the FONs calculation, after proper reordering, as initial guess for computing the 3 1 H for NiH. As initial guess molecular orbitals we use those from the Ni atom calculations, sweeping through all unique positions of the holes in the 3d orbitals of Ni atom͑s͒, and enforcing the position of the hole͑s͒ with a maximum overlap condition.
E. Geometry optimization
Geometry optimizations are performed using the DRIVER module of NWCHEM using NWCHEM's default convergence criteria ͑in atomic units͒: 4.5ϫ10 Ϫ4 maximum and 3.0ϫ10 Ϫ4 root mean square gradient, 1.8ϫ10 Ϫ3 maximum and 1.2ϫ10
Ϫ3 root mean square of the cartesian step. These convergence criteria give a maximum error in equilibrium bond length of less than Ϸ10 Ϫ3 Å for Ni 2 and less than Ϸ5ϫ10 Ϫ4 Å for NiH. The available precision is set to 5 ϫ10 Ϫ7 hartree for the fine grid and 5ϫ10 Ϫ8 hartree for the xfine grid.
F. Vibrational frequencies
Harmonic vibrational frequencies are calculated using NWCHEM's VIB module with the default options. Since analytical Hessian for open shell systems is not available for the exchange-correlation functionals used, the Hessian is computed by finite differences with ⌬ϭ0.01 bohr, which gives an estimated error for the vibrational frequencies of Ϸ0.5 cm Ϫ1 (Ϸ0.25%) for Ni 2 and Ϸ2 cm Ϫ1 (Ϸ0.1%) for NiH.
G. Spin and symmetry projection
In general, an open-shell Slater or Kohn-Sham determinant is not an eigenfunction of the total spin operator S 2 . However, spin-adapted configurations can be obtained as combinations of ͑a small number of͒ restricted determinants. 59, 60 Unrestricted determinants are not eigenfunction of the total spin operator S 2 , either, and they cannot be spin-adapted by combining a small number of unrestricted determinants. 59 However, for antiferromagnetic coupling of two weakly interacting identical high spin monomers, Noodleman 40 derived an approximate spin projection scheme that is correct to the first order in the overlap integrals. Ni 2 can be well approximated by such a model.
As previously observed by Basch et al., 21 the electronic structure of nickel clusters corresponds roughly to a model in which the 3d electrons can be viewed as weakly interacting localized 3d 9 
with the expectation value of the total spin ͗⌿ B ͉S 2 ͉⌿ B ͘ ϭ1. In agreement with this model, for the broken-symmetry calculations of the S z ϭ0 state of the Ni dimer the expectation value of the total spin ͗S 2 ͘ is close to the exact value of 1 for the broken-symmetry mixed state, and for the triplet (S z ϭ1) state, ͗S 2 ͘ is close to the exact value of 2 ͑in both cases, the relative absolute differences between the computed and the exact values are less than 2%͒. Mulliken population analysis also supports the weakly interacting 3d 9 units model. For the triplet nickel dimer there is a Mulliken spin population of 1.00 on each Ni atom, and for the brokensymmetry singlet there is a Mulliken spin population of 1.1 on one of the Ni atoms and Ϫ1.1 on the other.
Using the approximate projection method of Noodleman, 40 the energy of the pure singlet state, E(0) can be obtained from the energy of the unrestricted brokensymmetry singlet E B , and the energy of the triplet E(1):
The same result can be also obtained by the spin projection technique ͑see, e.g., Refs. 61 and 62͒. Ni 2 belongs to D ϱh point symmetry group, and the irreducible representations ͑irreps.͒ are good quantum numbers for the molecular states. We combine the spin projection with symmetry projection to extract the maximum information possible from the single-determinant Kohn-Sham DFT calculations. From simple group-theoretical considerations one can find that the pure spin and symmetry states of Ni 2 that arise from d ␦ orbitals, which are found to give the lowest energy states for all calculations, are: 
1 configuration can be completely correlated, and the following equations relating the energies of the pure spin and symmetry states listed above to the energies of the computed triplet and projected singlet states are obtained:
These equations contain the maximal information that can be obtained from single-determinant calculations.
From Eq. ͑2͒ we can derive the ͑partially͒ symmetry adapted equivalent of Eq. ͑1͒: 
III. RESULTS AND DISCUSSIONS

A. Nickel atom
The 29 do not lend themselves to an analysis of relativistic corrections. Moreover, these calculations seem to be at odds with the two previous calculations.
Our results, summarized in The all-electron calculations with B3LYP and Becke98 XC functionals also predict an ordering of the 3 D, 3 F, and 1 S states in agreement with the experiment.
The values of the computed energies of 3 F ͑relative to 3 D) differ from the observed experimental values by 0.30 eV ͑B3LYP͒ and 0.26 eV ͑Becke98͒. However, when compared with the relativistically corrected experimental values, the differences drop to only Ϫ0.06 eV and Ϫ0.10 eV, respectively. On the other hand, the computed energies of 1 S ͑rela-tive to 3 D) are larger than the observed experimental values by 0.16 eV ͑B3LYP͒ and 0.04 eV ͑Becke98͒, and larger than the relativistically corrected experimental values by 0.37 eV and 0.25 eV, respectively. However, the larger errors in the 1 S is less important for the purpose of nickel cluster calculations.
Hartree 3 F ground state, which can be considered acceptable error for the dissociation energy of nickel dimer which is of order of 2 eV, given the savings of using ECPs.
B. Nickel dimer
The determination of the ground state of Ni 2 has been debated over the last few decades. According to the recent results, 67 Fig. 2 for comparison. The values are arranged in order of increasing deviation in the bond length.
Bond length
It is apparent that all calculations included in Table II and Fig. 2 Among all three XC functionals, the best agreement with experiment for the bond length is obtained with the FSLYP functional, both AE and ECP. B3LYP follows with a bond length 0.03 Å longer than the one computed with FSLYP. Becke98 bond length is in the worst agreement with the experiment, but only Ϸ0.005 Å longer than the B3LYP bond length.
For each of the three XC functionals used, ECP calculation predicts shorter bond length than the AE one by Ϸ0.02 Å, and, thus, it is in better agreement with the experiment. 
Dissociation energy
Vibrational frequency
As can be noticed in Fig. 2 , there seem to be a general trend for all our DFT calculations, that the error in vibrational frequency decreases as the error in bond length increases. CASSCF/IC-ACPF is close to following the same trend, but CASPT2 is clearly an outlier.
It is apparent that all calculations included in Table II 
Summary of the results for d ␦ A d ␦ B -holes states of Ni 2
All calculations predict d ␦
A d ␦ B -holes states to have the lowest energy both for singlet and for triplet spin multiplicities. The bond lengths of optimized geometries, dissociation energies and vibrational frequencies for these states calculated with the described DFT methods are tabulated in Table  III It is also worth noting that for all calculations the average D e of singlet states is larger than the one of the triplet states. However, the difference between the singlet and the triplet is very small for Becke98/ECP and B3LYP/ECP ͑0.006 eV and 0.003 eV, respectively͒. For the other calculations, the difference is somewhat larger, around 0.015 eV.
However, it is important to note from Table III that for each combination of exchange-correlation functional and basis set used, all ␦␦-holes states are in a very narrow energy range: Ϸ20 meV for all all-electron calculations, 26 meV for FSLYP/ECP, 13 meV for Becke98/ECP and only 7 meV for B3LYP/ECP.
Since, as shown above, the ordering of states can change upon spin projection, if possible to perform, spin projection is desirable. However, we want to emphasize that the differences between the lowest broken-symmetry singlet states and the projected singlet ground states, for the all-electron calculations and FSLYP/ECP, is less than 10 meV, and for some applications that difference may not be relevant. Nevertheless, we plan to consider spin projection for larger clusters, if possible, at least for evaluating the errors that arise from it.
Potential energy curves (PEC)
In order to determine the ground state of Ni 2 we did a full scan of the PEC for each method and for each unique combination of holes. All calculations predict ␦␦-holes states to have the lowest energy, with the next level 50-100 meV above, ␦ for Becke98, and B3LYP calculations and ␦ for FSLYP calculations.
The computations of states with Becke98 and B3LYP functionals only converge to 10 Ϫ5 -10 Ϫ4 hartree within 100 iterations in the 1.95-2.55 Å range. Because the FSLYP calculations, which converge properly, predict that these states are Ϸ200 meV higher, the same value as the ''not-so-converged'' results for the above calculations, we have chosen not to investigate the matter any further.
Since the results of the PEC scans are rather similar, and B3LYP is our functional of choice, in the following discussion of the PEC's, we focus attention principally on the results from B3LYP calculations.
The B3LYP/AE and B3LYP/ECP PEC of singlet (S z ϭ0) and triplet (S z ϭ1) states of Ni 2 ͑both unrestricted, symmetry broken͒ are shown in Figs. 3 and 4 , respectively, along with the variation of ͗S 2 ͘ with the bond length for all possible positions of holes in the 3d shell on both atoms, grouped by hole type. The first trend that can be noticed is that the equilibrium bond length increases as the dissociation 74 or ECP, is the restricted-unrestricted crossover, while the other cause is dissociation into 3 F ground state of Ni atoms. These two effects overlap because the branching is obtained by scanning the PEC from Ϸ3.5 Å, increasing the bond length and using as initial guess the molecular orbitals from the previous calculation. Depending on the initial guess, the calculation may end in the restricted or unrestricted solution, or, at large distances, the calculation may 1 for triplet͒ at each bond length or, starting from 10 Å and decreasing the bond length and using as initial guess the molecular orbitals at the previous bond length. Either initial guess gives the same results, but the method using atomic initial guess needs a few extra iterations. For larger cluster calculations it may be useful to save the molecular orbitals at each geometry configuration and try to reuse them for a neighboring point calculation.
It is apparent from Fig. 3 for the triplet reaches a value of Ϸ3 and stays constant for larger distances. Similarly, the error in the energy of the triplet approaches the asymptotic value of 0.14 eV. In larger clusters, this could be a potential issue for computing barriers. However, only configurations in which one atom is at sufficiently large distance from other atoms, completely or partly detached ͑evaporated͒ from the cluster, and in the 1, 3 D state, would encounter the above described problem. Moreover, the error (р0.14 eV) could be important if the height of the barrier were small. But the evaporation energy of an atom from the cluster is likely to be of the same order of magnitude as the dissociation energy of the dimer (Ϸ1.5 eV), and the height of the barrier would be overestimated by Ϸ10%. Consequently, this error should be unimportant for large clusters.
C. Nickel hydride
The bond lengths d e , dissociation energies D e , vibrational frequencies e , and dipole moment ͑͒ for ground states of NiH from different calculations are reported in Table IV along with experimental values and results from   TABLE IV other theoretical studies, listed in the order of decreasing AARD from the experimental values of the computed d e , D e , e , and .
The experimental values reported in Table IV The absolute relative deviations from the experimental values of the computed bond lengths d e , dissociation energies D e , vibrational frequencies e , and dipole moment of the ground state of NiH are plotted in Fig. 5 for comparison. They are arranged from left to right in order of decreasing TARD-the sum of absolute relative deviations from the experimental values of the computed d e , D e , e , and .
From Fig. 5 , as well as from Table IV , it is apparent that for NiH, the best overall agreement with experiment among our DFT calculations is obtained for FSLYP/ECP ͑7.9% TARD͒, followed by Becke98/AE ͑14.4% TARD͒ and FSLYP/AE ͑16.9% TARD͒ similar to CASPT2 ͑16.4% TARD͒. B3LYP/AE ͑19.3% TARD͒ is next, similar to Becke98/ECP ͑19.4% TARD͒, and B3LYP/ECP ͑28.3% TARD͒ gives the largest disagreement with experiment.
All our DFT calculations predict 2 ⌬ ͑␦-hole͒ ground state, in agreement with the CASPT2 calculation and experiment. However, it is important to note, that, for Becke98/ ECP and FSLYP/ECP results the difference between the d xy -hole and the d x 2 Ϫy 2-hole components of the 2 ⌬ state-2 meV and 5 meV, respectively-is larger than the error of the DFT calculations (р0.1 meV). We report the energy of the component with the lowest energy as the energy of the ground state.
It is apparent that all calculations included in Table IV and Fig. 6 underestimate the bond length of NiH.
Becke98/AE
with ⌬d e ϭd e comp Ϫd e expt ϭϪ0.0003 Å (Ϫ0.02%) gives the best agreement with experiment. The other DFT calculations and CASPT2 give significantly shorter bond lengths for NiH than Becke98/AE, but they can still be considered in good agreement with the experiment, giving ⌬d e ranging from Ϫ0.003 Å (Ϫ0.2%) for B3LYP/AE to Ϫ0.028 Å (Ϫ1.9%) for FSLYP/ECP. Among all three XC functionals, the best agreement with experiment for the bond length is obtained with the Becke98 functional, both AE and ECP. B3LYP follows with a bond length 0.003 Å shorter than the one computed with Becke98. FSLYP bond length is in the worst agreement with the experiment, but only Ϸ0.004 Å longer than the B3LYP bond length. For each of the three XC functionals used, ECP calculation predicts shorter bond length than the AE one by Ϸ0.02 Å, like in the case of Ni 2 , but this worsens the agreement with the experiment, unlike in the case of Ni 2 .
The computed dissociation energies span a large range of values, from 2.53 eV for FSLYP/ECP to 2.90 eV for B3LYP/ ECP. Among all DFT computations, only FSLYP/ECP underestimates D e by 0.024 eV ͑0.9%͒, and gives the best agreement with the experiment. All other DFT computations and CASPT2 overestimate D e : FSLYP/AE by 5%, CASPT2 by 8%, and Becke98/ECP, B3LYP/AE, Becke98/AE, and B3LYP/ECP by 10%, 12%, 13%, and 14%, respectively, giving the largest disagreement with experiment. Like in the case of Ni 2 , the effects of ECP and XC functionals on the dissociation energy of Ni 2 do not seem to show similar trends to the ones seen for the bond length. It can be verified that trends show up upon correcting D e with the energy of the 3 D state of Ni, but, since for NiH there is no physical ground for that kind of correction, we chose not to do it. However, it is worth noting that the errors in the atomic energies have such large influence on the energetics of molecules.
The differences in the theoretical harmonic vibrational frequencies compared to the experimental values are less than 1% for our DFT calculations, while CASPT2 has the largest difference from the experimental value among the results plotted in Fig. 6 and listed in Table IV. For NiH the dipole moment can be expected to be a more sensitive measure of the quality of the method, 67 and a comparison of the theoretical and experimental values of the dipole moment listed in Table IV and plotted in Fig. 6 shows that Becke98/AE gives the best agreement, similar to CASPT2. B3LYP/AE underestimates the dipole moment by 7% and FSLYP/AE overestimates it by a large amount ͑11%͒. ECP have a strong effect on , lowering its value by Ϸ0.15D ͑6%͒, bringing FSLYP/ECP in closer agreement with experiment and worsening the agreement for B3LYP and Becke98. It is worth noting that Becke98 predicts a value for in better agreement with the experiment than B3LYP. Since is a one-electron property, this may be an indication that Becke98 gives a more accurate ground state electron density.
IV. CONCLUSION
We have used DFT with hybrid exchange-correlation functionals in the broken-symmetry unrestricted formalism to study the electronic structure of nickel dimer and nickel hydride as model systems for larger bare/hydrogenated nickel clusters. We have examined three hybrid functionals: the popular B3LYP, Becke's newest optimized functional Becke98, and the simple FSLYP functional ͑50% HartreeFock and 50% Slater exchange and LYP gradient-corrected correlation functional͒ with two basis sets: all-electron ͑AE͒ Wachtersϩ f basis set and Stuttgart RSC ECP and basis set.
For Ni 2 , all of our DFT calculations give bond lengths that are within 0.1 Å ͑5%͒ from the experimental value, and in good agreement with the high-level wavefunction methods CASPT2 67 and CASSCF/IC-ACPF. 72 Only Becke98/AE and B3LYP/AE give harmonic vibrational frequencies that are within 5% from the experimental value, similar to CASSCF/ IC-ACPF. Becke98/ECP, B3LYP/ECP and FSLYP/AE give e within 10% from the experimental value, similar to CASPT2, and FSLYP/ECP overestimates the experimental e by 15%. The discrepancies between calculated and experimental values of dissociation energy span a large range, between Ϫ28% and 12%. B3LYP/ECP, B3LYP/AE, and Becke98/ECP give values of D e that are within less than 5% from the experimental value, similar to CASPT2. FSLYP/ AE, and Becke98/AE give values of D e that are a within 12% from experimental value, similar to CASSCF/IC-ACPF. FSLYP/ECP gives a value of D e that is smaller than the experimental value by 28%.
For NiH, all of our DFT calculations give bond lengths that are within 0.03 Å ͑2%͒ from the experimental value, and in good agreement with CASPT2. 67 They also give harmonic vibrational frequencies that are within less than 15 cm Ϫ1 ͑1%͒ from the experimental value, in better agreement with experiment than CASPT2, which overestimates e by 4%. The discrepancies between the calculated and the experimental values of dissociation energy span a large range for NiH like they do for Ni 2 . FSLYP/ECP underestimates D e by 1%, giving the best agreement with the experiment. All other DFT calculations and CASPT2 overestimate D e by amounts between 5% and 15%. For the dipole moment the deviations from the experimental value span the largest range: between Ϫ13% for B3LYP/ECP and 11% for FSLYP/AE. Underestimating it by 1%, Becke98/AE gives the best agreement with the experiment for the dipole moment of NiH, similar to CASPT2, which underestimates it by 3%.
We also find that for Ni 2 , the spin projection for the broken-symmetry unrestricted singlet states changes the ordering of the states, but the splittings are less than 10 meV. In Fig. 7 we plot the overall discrepancy Q along with its components, and the maximum absolute relative deviations from experimental values ͑MARD͒ for all computed molecular properties of Ni 2 (⌬ max Ni 2 ) and NiH (⌬ max NiH ). Figure 7 reveals that B3LYP/AE gives the lowest overall discrepancy (Qϭ11.2%), but followed closely by Becke98/AE and Becke98/ECP with a value of Q larger than the one of B3LYP/AE by only 0.5% and 1%, respectively. They are also at the same overal quality as CASPT2, for which Qϭ12.0%. FSLYP/AE, with Qϭ14.2% is a little worse than B3LYP/AE and Becke98/AE. It is apparent from Fig. 7 that the use of ECP worsen the overall agreement with experiment. The largest effect of the ECP's is on the results obtained with the FSLYP functional, increasing the value of Q by 7.1%. The effect is much smaller on B3LYP, increasing Q by 4.6%, and negligible on Becke98 ͑0.5%͒.
It can be noticed that for most of the calculations included in Fig. 7 , the value of Q is close to the values of MARD for both NiH and Ni 2 . Two methods for which that is not the case are worth mentioning: B3LYP/AE and FSLYP/ECP. Both perform significantly better for one of the molecules than for the other, probably by accident. B3LYP/AE performs clearly better for Ni 2 than for NiH, but its MARD for NiH agrees with Q, while FSLYP/ECP performs much better for NiH than for Ni 2 , and its MARD for Ni 2 is significantly larger than Q ͑by 7.1%͒. Thus, FSLYP/ ECP is the only method that is not advisable to use for bare/ hydrogenated nickel clusters. However, we want to emphasize that the methods that give the best agreement with experiment and CASPT2, B3LYP/AE, Becke98/AE, and Becke98/ECP are the methods of choice.
Our results indicate that DFT, with the B3LYP ͑using the Wachtersϩ f all-electron basis set͒ and Becke98 ͑using either Wachtersϩ f all-electron basis set or Stuttgart RSC effective core potential and basis set͒ hybrid exchange-correlation functionals in the broken-symmetry unrestricted formalism, becomes both an efficient and reliable method for predicting electronic structure of our model Ni 2 and NiH systems, although it is far from being a black box method.
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APPENDIX A: ACCURACY OF CHARGE DENSITY FITTING
As stated in Sec. II we use charge density fitting for the calculations using the all-electron Wachtersϩ f basis set, for which we employ the Ahlrichs Coulomb Fitting 56,57 basis set. For evaluating the error introduced by charge density fitting we perform the atomic computations with B3LYP functional and Wachtersϩ f basis set with and without charge density fitting. The charge density fitting lowers the total energies of computed atomic states by 2.5-3ϫ10 Ϫ4 hartree. The errors in the relative energies are less severe, ranging from Ϫ3.8 to 1.5 meV.
To be cautious, we have investigated this issue further by comparing results of geometry optimizations and frequency calculations on the 12
states of Ni 2 ͑six singlet, broken symmetry, and six triplet͒ with B3LYP/AE functional both with and without charge density fitting. The results are summarized in Table V . Although the errors in total energies are rather large ͑on the order of a little less than 1 mHartree, as can be seen in column labeled E e /mHartree in Table V͒ , they all have the same sign, averaging Ϫ0.6476 Ϯ0.0018 mHartree. Moreover, the errors in the relative energies ͑with respect to the ground state Ni atom, labeled E e /meV in Table V͒ are much smaller (Ϸ5 meV) , and again all with the same sign. Finally, the relative ordering of the states is correct, and the root-mean square of the relative energies with respect to the lowest energy state from each calculation, labeled ⌬E e /meV in Table V , is 0.03 meV with a maximum of 0.12 meV. The maximum error due to charge density fitting to be expected in exploring the PES's of larger clusters is on the order of 2-3 meV per Ni atom. As stated in Sec. II, we did not use charge density fitting with ECP because of the large errors that resulted when we tried the use of Ahlrichs Coulomb Fitting basis in combination with Stuttgart RSC ECP. In Table VI we report the errors in the bond lengths d e , dissociation energies D e , and harmonic vibrational frequencies e of Ni 2 and NiH, and dipole moment computed with B3LYP and FSLYP functionals using ''Stuttgart RSC ECP'' ECP and basis set with ''Ahlrichs Coulomb Fitting'' basis. The errors in bond lengths are negligible for both Ni 2 and NiH, but the errors in the vibrational frequencies of both Ni 2 and NiH, diplole moment of NiH and dissociation energy of NiH, of the order of 5%, are significat. The error in the dissociation energy of Ni 2 is large, Ϫ0.3 eV (Ϫ16%) for B3LYP and Ϫ0.33 eV (Ϫ25%) for FSLYP.
APPENDIX B: ACCURACY AND CONVERGENCE ISSUES OF DFT COMPUTATIONS
The numerical integration necessary for the evaluation of the exchange-correlation energy implemented in NWCHEM uses an Euler-MacLaurin scheme for the radial components ͑with a modified Mura-Knowles transformation͒ and a Lebedev scheme for the angular components. Table VII lists the grid details for the three levels of accuracy for the numerical integration that are used in our DFT calculations, labeled by the corresponding keywords from NWCHEM ͑medium, fine, and xfine͒. In the same table we list convergence criteria used for each level of accuracy of the numerical integration.
In order to assess the errors arising from numerical integration we have performed a series of computations using different predefined grid schemes available in NWCHEM. First, we have performed the atomic calculations using both xfine and fine grids. The differences are of the order of total energy target accuracy of the fine grid (Ϸ1.5 ϫ10 Ϫ7 hartree). We have also compared the all-electron DFT computations using B3LYP functional with fine grid against the ones with xfine grid for geometry optimization and frequency calculations for Ni 2 , (d x 2 Ϫy 2 A d xy B ) singlet and triplet states. The differences are on the order of 10 Ϫ4 Å for equilibrium bond length, 2ϫ10
Ϫ6 hartree for total equilibrium energy and 0.2 cm Ϫ1 for vibrational frequency. We conclude that the fine grid is appropriate for geometry optimization and vibrational frequency calculations, and have used it in the present work. For the PEC scans we use the medium grid, which gives for a 19-point B3LYP/AE PEC scan in the range 2-3. 2 and NiH, and dipole moment computed with B3LYP and FSLYP functionals using ''Stuttgart RSC ECP'' ECP and basis set with ''Ahlrichs Coulomb Fitting'' basis. The results from the calculations using CD fitting are reported in the ''cdfit'' columns, the result from the calculations not using CD fitting are reported in ''nocdfit'' columns, and the differences between the results from the calculations using CD fitting and the results from the ones not using CD fitting are reported under the ''cdfit err'' columns, with the percent relative errors in parentheses. 
